1. Introduction {#s0005}
===============

Amyotrophic lateral sclerosis (ALS) is a neurologic disorder characterized by progressive degeneration of upper and lower motor neurons ([@bb0205]). ALS is uniformly fatal but shows a markedly heterogeneous clinical presentation and course with a median survival time of 2--4 years from the onset of symptoms ([@bb0025]).

Among various magnetic resonance (MR) techniques, spectroscopy has shown potential for assessing pathological abnormalities in ALS. The most commonly measured brain metabolites using proton MR spectroscopy are tNAA (*N*-acetylaspartate + *N*-acetylaspartylglutamate), which is almost exclusively localized within neurons/axons ([@bb0215]) and is thus considered a neuronal marker, tCr (creatine + phosphocreatine), which is linked to cell energy metabolism, and tCho (soluble choline-containing compounds), which are related to cellular membrane turnover reflecting cellular proliferation. The latter two are predominantly found in glial cells ([@bb0050]; [@bb0140]; [@bb0235]). In ALS, spectroscopic studies, in particular of the primary motor cortex (PMC), have found significantly reduced concentrations of tNAA ([@bb0040]; [@bb0045]; [@bb0100]; [@bb0190]; [@bb0210]) and significantly deceased tNAA/tCr ([@bb0030]; [@bb0065]; [@bb0185]; [@bb0190]; [@bb0250]), tNAA/tCho ([@bb0030]; [@bb0190]; [@bb0250]), and tNAA/(tCho + tCr) ratios ([@bb0200]; [@bb0220]). These findings have been interpreted as evidence of neuronal loss in ALS. Furthermore, significantly reduced concentrations of tCr ([@bb0190]), increased concentrations of tCho ([@bb0040]), and elevated tCho/tCr ratios have been observed ([@bb0030]; [@bb0190]).

MR spectroscopy delivers cell-type specific information but it cannot provide structural information. In contrast, diffusion tensor imaging (DTI) ([@bb0010], [@bb0015]) is sensitive to alterations in tissue microstructure but lacks pathologic specificity since water molecules reside in all tissue compartments. Diffusion tensor spectroscopy (DTS) ([@bb0015]; [@bb0080]; [@bb0155]; [@bb0170]; [@bb0195]; [@bb0240]) combines the compartment specificity of MR spectroscopy with the microstructural sensitivity of DTI and permits evaluating properties of cell-specific tissue microstructure by probing the diffusion of intracellular brain metabolites. In this manner, DTS allows inferring more specific information on the underlying tissue microstructure than DTI and thus features improved pathologic specificity. The methodology has been applied to several pathologies such as acute cerebral ischemia ([@bb0105]; [@bb0265]), tumors ([@bb0070]; [@bb0105]), mitochondrial cytopathies ([@bb0145]), multiple sclerosis ([@bb0035]; [@bb0260]), systemic lupus erythematosus ([@bb0090]), and migraine ([@bb0270]).

This exploratory study investigates for the first time microstructural alterations in neurons and glial cells in the brain of ALS patients with DTS. To this end, the diffusion properties of the neuronal metabolite tNAA and the predominantly glial metabolites tCr and tCho are compared in the primary motor cortex of 24 ALS patients and 27 healthy controls. Changes in the parameters over time are explored and Spearman\'s rank correlations across times are calculated to delineate the relationship between clinical parameters and diffusion measures. Coefficients of variation (CVs) and inter-subject variabilities (ISVs) are assessed in the control group. For further exploratory analysis, the patient group is subdivided into limb-onset and bulbar-onset ALS patients and group comparisons are performed.

2. Materials and methods {#s0010}
========================

2.1. Patients and control subjects {#s0015}
----------------------------------

This prospective single-center study was approved by the local Ethics Committee (St. Gallen, Switzerland) and informed written consent was obtained from all subjects in accordance with the declaration of Helsinki before participation in the study. All subjects were recruited as part of the European project for sampling and biomarker optimization and harmonization in ALS and other motor neuron diseases (SOPHIA) at the Neuromuscular Disease Unit/ALS Clinic of the Cantonal Hospital St. Gallen (St. Gallen, Switzerland).

The patient sample consisted of 24 ALS patients (mean age = 62.6 years, standard deviation = 9.5 years, range = 48--84 years). According to the revised El Escorial criteria ([@bb0055]), two had definite, ten had probable, seven probable laboratory-supported, and five possible ALS. Ten of these patients had bulbar-onset while 14 patients had limb-onset ALS. For the control group, 27 age-matched healthy subjects (mean age = 63.5 years, standard deviation = 8.4 years, range = 50--82 years) without prior history of neurological disorders were included.

2.2. Data acquisition {#s0020}
---------------------

MR data acquisition was performed on a 3 T whole-body scanner (Achieva, Philips Healthcare, Best, the Netherlands, release 5.1.7), equipped with 80 mT/m gradients and an 8-element receive-only head coil array. For precise planning of the spectroscopic voxel, T~1~-weighted images were recorded using a three-dimensional magnetization prepared rapid gradient-echo (MP-RAGE) sequence with the following parameters: repetition time (TR) = 8.2 ms, echo time (TE) = 3.8 ms, field of view = 240 × 240 x 160mm^3^, voxel size = 1 × 1 × 1 mm^3^, flip angle = 8°, scan duration = 6 min 35 s. Diffusion-weighted spectroscopic measurements of the PMC were obtained by incorporating bipolar diffusion gradients around the slice selective radiofrequency refocusing pulses within the standard point-resolved spectroscopic sequence (PRESS) with the following parameters: TR = 2000 ms, TE = 69 ms, voxel size = 15 × 30 × 25 mm^3^, bandwidth = 2500 Hz, samples = 2048, number of signal averages (NSA) = 96, scan duration = 25 min 12 s. Diffusion weighting was applied along six non-collinear and non-coplanar directions with Δb = 3000 s/mm^2^. Water suppression was achieved using an interleaved eight-pulse variable pulse power and optimized relaxation delays (VAPOR) pulse scheme ([@bb0225]). In addition, an unsuppressed water spectrum with NSA = 8 was acquired for eddy current correction ([@bb0130]). Implementation of the sequence was verified by in-vitro measurements in alcohol phantoms and the GE-MR spectroscopy "Braino" phantom and subsequent comparison of the results with literature values ([@bb0085]; [@bb0115]). For placement of the PRESS voxel, the central sulcus was first located in the most superior section of the transversal T~1~-weighted images and then traced down. The voxel was thereafter centered on the precentral gyrus using the transversal images, with subsequent adjustment in the sagittal and coronal planes ([Fig. 1](#f0005){ref-type="fig"}). The voxel was positioned contralateral to the site of onset of clinical signs. When signs were symmetric (one limb-onset patient) or clinically absent in the limbs (nine bulbar-onset patients) and in the healthy controls, the voxel was placed in the motor cortex of the dominant hemisphere, as inferred by handedness. The shim volume was adjusted such that all metabolites of interest lay within its boundaries. In the ALS patients and a subgroup of ten healthy controls (mean age = 62.3 years, standard deviation = 5.6 years, range = 55--72 years, 5 female, 5 male), MR data acquisition was repeated three and six months after the baseline measurement. To replace the voxel as precisely as possible in subsequent measurements, the voxel position was saved at baseline in all three planes.Fig. 1Location of the PRESS voxel (yellow) and the corresponding shim (red) in the PMC superimposed onto the sagittal, coronal, and transversal T~1~-weighted images.Fig. 1

2.3. Clinical parameters {#s0025}
------------------------

At each measurement time point, disease severity was assessed using the revised ALS functional rating scale (ALSFRS-R, maximum score = 48) with lower scores representing more disability ([@bb0060]). Finger dexterity was evaluated using the nine hole peg test (NHPT) ([@bb0125]; [@bb0150]). For comparison, the NHPT was also performed in the control group.

2.4. Data processing {#s0030}
--------------------

Data processing was performed using in-house software written in Matlab (The MathWorks, release 2017a, Natick, MA, USA). Optimization of the first and second order shims resulted in an in-vivo water line width of ≈4--8 Hz. Processing of the spectroscopic data included: eddy current correction, filtering with a 1 Hz exponential window, zero and first order (on the NAA peak) phase correction, frequency alignment, and averaging of the spectra. The resulting spectra were analyzed using TARQUIN (version 4.3.10) and "1H brain + Glth" as internal basis set ([@bb0255]). The average signal-to-noise ratio (SNR) of NAA was 65.7 ± 11.3 (range = 41.2--94.1) in the non-diffusion-weighted and 38.9 ± 8.1 (range = 20.2--60.7) in the diffusion-weighted spectra. For diffusion analysis, the metabolite signals of tNAA, tCr, and tCho were used. The Cramér-Rao lower bounds of these metabolite were \<8% (mean = 1.4%, standard deviation = 0.88%, range = 0.3--7.3%). The diffusion tensor was calculated and the eigenvalues were determined by diagonalization of the tensor to yield the mean diffusivity (MD), the axial diffusivity (AD), the radial diffusivity (RD), and the fractional anisotropy (FA) value. For comparison with previous work, tNAA/tCr, tNAA/tCho, and tCho/tCr ratios were determined from the non-diffusion-weighted spectra.

2.5. Statistical analysis {#s0035}
-------------------------

Statistical analysis of the data was performed in MATLAB (The MathWorks, release 2017a, Natick, MA, USA). Differences in age, in the diffusion parameters, and in the metabolite ratios between ALS patients and controls were assessed using two-sample *t*-tests. A Mann-Whitney *U* test was applied to determine whether there were differences in the NHPT durations between ALS patients and controls. The longitudinal changes in the diffusion parameters, metabolite ratios, and the ALSFRS-R scores of the ALS patients were analyzed using repeated measures ANOVA. Where Mauchly\'s test of sphericity indicated a violation of the assumption of sphericity, the Greenhouse-Geisser estimate was used. Changes in the NHPT durations over time were assessed using the Friedman test. CVs and ISVs were computed from the longitudinal data acquired in ten healthy controls. Finally, Spearman\'s rank correlations across times were calculated to delineate the relationship between the diffusion parameters/metabolite ratios and the clinical parameters (ALSFRS-R and NHPT).

For further exploratory statistical analysis, the patient group was subdivided into limb-onset (14 patients, mean age = 63.1 years, standard deviation = 9.8 years, range = 48--84 years) and bulbar-onset (10 patients, mean age = 61.9 years, standard deviation = 9.5 years, range = 48--74 years) ALS patients. One-way analysis of variance (ANOVA) followed by pairwise comparisons was used to assess difference in age, in the diffusion parameters, and in the metabolite ratios between patient groups and controls. A Kruskal-Wallis test followed by post-hoc comparisons was performed to evaluate differences in the NHPT durations between patient groups and controls. A two-sample t-test was performed to determine whether there were differences in the ALSFRS-R scores of limb-onset and bulbar-onset ALS patients.

Statistics was calculated on the log-transformed data where indicated and back transformation were performed where appropriate. A *p*-value of *p* \< .05 was considered statistically significant. No corrections for multiple comparisons were performed and raw *p*-values are reported in this exploratory study since many of the parameters are expected to exhibit a high degree of correlation.

3. Results {#s0040}
==========

[Fig. 2](#f0010){ref-type="fig"} shows the non-diffusion-weighted and the diffusion-weighted spectra in two ALS patients with limb onset ([Fig. 2](#f0010){ref-type="fig"}A) and bulbar onset ([Fig. 2](#f0010){ref-type="fig"}B). The corresponding TARQUIN fits (red) are superimposed onto the raw data points (black). The location of the corresponding PRESS voxel in the PMC is depicted in the transversal plane of the T~1~-weighted data. [Fig. 3](#f0015){ref-type="fig"} shows representative non-diffusion-weighted and diffusion weighted spectra in one control subject.Fig. 2Non-diffusion-weighted and diffusion-weighted spectra of (a) an ALS patient with limb onset (66 years, female) and (b) an ALS patient with bulbar onset (74 years, female). The TARQUIN fit (red) is superimposed onto the raw data points (black). The fit residuals are plotted above the spectra. The location of the PRESS voxel (yellow) and the corresponding shim (red) are depicted in the transversal plane of the T~1~-weighted data.Fig. 2Fig. 3Non-diffusion-weighted and diffusion-weighted spectra of a healthy control subject (56 years, male). The TARQUIN fit (red) is superimposed onto the raw data points (black). The fit residuals are plotted above the spectra. The location of the PRESS voxel (yellow) and the corresponding shim (red) are depicted in the transversal plane of the T~1~-weighted data.Fig. 3

3.1. Comparisons of patients versus controls at baseline {#s0045}
--------------------------------------------------------

There was no significant difference in age between ALS patients and healthy controls (*p* = .722). The Mann-Whitney *U* test revealed that the median NHPT duration was significantly higher in ALS patients than in controls (*p* \< .001). A summary of the clinical parameters of both groups is given in [Table 1](#t0005){ref-type="table"}.Table 1Summary of the clinical parameters in the entire patient population and in the subgroups with limb-onset and bulbar-onset ALS as well as in the controls at baseline. Mean values and standard deviations are given unless indicated otherwise.Table 1ParameterALS PatientsLimb-Onset ALSBulbar-Onset ALSControlsFemale/male13/118/65/513/14Age (range) (years)62.6 ± 9.5 (48--84)63.1 ± 9.8 (48--84)61.9 ± 9.5 (48--74)63.5 ± 8.4 (50--82)ALSFRS-R (range)39.6 ± 3.0 (30--44)39.5 ± 2.1 (36--43)39.8 ± 4.0 (30--44)--NHPT (range) (s)[1](#tf0005){ref-type="table-fn"}24.0 (16--75)31.8 (17--75)25.0 (16--57)19.3 (15--28)Disease duration (months)35.5 ± 29.9 (6--112)48.2 ± 33.0 (9--112)17.8 ± 11.0 (6--36)--Disease progression rate (1/months)[2](#tf0010){ref-type="table-fn"}0.4 ± 0.3 (0.1--1.1)0.3 ± 0.3 (0.1--0.8)0.6 ± 0.3 (0.2--1.1)--[^1][^2]

[Table 2](#t0010){ref-type="table"} summarizes the mean values and group comparisons of the diffusion parameters/metabolite ratios in patients versus controls. Statistical analysis showed that the MD values of all three metabolites were significantly higher in ALS patients than in controls. In addition, significant elevations were found in the AD and RD values of several metabolites. In contrast, no significant differences were found in the FA values.Table 2Mean values and standard deviations of the diffusion parameters/metabolite ratios in patients and controls at baseline and *p*-values of the group comparisons. Statistically significant values are designated by an asterisk.Table 2Mean ValuesPatients vs. ControlsParameterPatientsControlsMD (⋅10^−3^ mm^2^/s)tNAA0.186 ± 14.2%0.168 ± 10.8%0.006\*tCr0.189 ± 17.4%0.170 ± 14.5%0.016\*tCho0.168 ± 21.5%0.137 ± 22.2%0.002\*AD (⋅10^−3^ mm^2^/s)tNAA0.260 ± 20.8%0.235 ± 14.2%0.046\*tCr0.250 ± 22.8%0.228 ± 16.0%0.087tCho0.241 ± 30.6%0.197 ± 22.7%0.011\*RD (⋅10^−3^ mm^2^/s)tNAA0.149 ± 11.4%0.143 ± 13.5%0.250tCr0.158 ± 17.3%0.140 ± 17.5%0.015\*tCho0.125 ± 22.1%0.104 ± 25.9%0.011\*FAtNAA0.36 ± 35.1%0.32 ± 32.7%0.170tCr0.32 ± 37.7%0.32 ± 30.2%0.978tCho0.43 ± 40.1%0.45 ± 27.9%0.588RatiostNAA/tCr1.71 ± 9.2%1.87 ± 8.7%\<0.001\*tNAA/tCho7.24 ± 17.8%8.55 ± 14.9%\<0.001\*tCho/tCr0.24 ± 14.9%0.22 ± 10.2%0.045\*

3.2. Longitudinal analysis {#s0050}
--------------------------

Of the initial patients, eight patients were lost to follow up: one patient deceased after the baseline measurement, two patients could not further participate in the study after a rapid deterioration of their respiratory function and two patients after an acute deterioration in their general health condition. Finally, three patients had to be secondarily excluded due to insufficient data quality in subsequent measurements caused by excessive head motion. Thus, 16 ALS patients (mean age = 64.1 years, standard deviation = 10.0 years, range = 48--84 years, 8 male, 8 female) were included in the longitudinal analysis. Among these patients, four had bulbar-onset while 12 had limb-onset ALS. The NHPT durations (median and range) in the patient population were 24.5 s (17--75 s), 27.0 s (18--130 s), and 31.0 s (17--56 s) at baseline, three, and six months, respectively. The Friedman test indicated significant changes in the NHPT durations over time (*p* = .030). The ALSFRS-R scores (mean ± standard deviation) in the patient population were 39.0 ± 3.2 (range = 30--43), 37.6 ± 3.8 (range = 29--43), and 35.8 ± 4.2 (range = 27--42) at baseline, three, and six months, respectively. Repeated measures ANOVA showed a significant decline in the ALSFRS-R scores over time (*p* \< .001). No significant changes in the diffusion parameters were observed but in line with previous work ([@bb0190]), significant alterations in the tNAA/tCho (*p* = .042) and the tCho/tCr (*p* = .048) were found.

[Table 3](#t0015){ref-type="table"} summarizes the CVs and ISVs of the diffusion parameters/metabolite ratios assessed in ten healthy volunteers over a period of six months. The MD, AD, and RD values of the metabolites showed good to moderate precision while the FA values generally featured low precision.Table 3Coefficients of variation and inter-subject variabilities of the diffusion parameters/metabolite ratios in the healthy controls as percentage.Table 3ParameterCoefficient of variation (%)Inter-subject variability (%)MD (⋅10^−3^ mm^2^/s)tNAA9.510.9tCr9.07.1tCho20.212.4AD (⋅10^−3^ mm^2^/s)tNAA9.015.4tCr7.79.9tCho21.715.6RD (⋅10^−3^ mm^2^/s)tNAA12.512.4tCr16.37.1tCho24.414.7FAtNAA31.727.8tCr40.121.4tCho37.818.3RatiostNAA/tCr5.110.6tNAA/tCho10.514.5tCho/tCr11.09.2

3.3. Correlations with clinical parameters {#s0055}
------------------------------------------

No significant correlations of the diffusion parameters/metabolite ratios with the ALSFRS-R scores in the ALS patients across times were present. A weak correlation of the tNAA/tCr ratios with the durations of the NHPT was found (ρ = −0.31, *p* = .016) and a trend towards statistical significance was observed for the FA values of tCho (*p* = .066) and the RD values of tCr (*p* = .070).

3.4. Exploratory comparisons between limb-onset and bulbar-onset ALS patients and controls {#s0060}
------------------------------------------------------------------------------------------

There was no significant difference in age between the groups (*p* = .894). The Kruskal-Wallis test revealed that the mean ranks of NHPT durations were significantly different between groups (*p* = .001). Post-hoc analysis showed that there was a significant difference between the NHPT durations of limb-onset ALS patients and controls (p \< .001). No significant differences between the NHPT durations of bulbar-onset ALS patients and controls (*p* = .219) and between both patients groups were observed (*p* = .068). There were no significant differences in the ALSFRS-R scores of limb-onset and bulbar-onset ALS patients (*p* = .814). A summary of the clinical parameters is given in [Table 1](#t0005){ref-type="table"}.

[Table 4](#t0020){ref-type="table"} summarizes the mean values and group comparisons of the diffusion parameters/metabolite ratios at baseline. Microstructural alterations were more pronounced in the PMC of limb-onset ALS patients. In these patients, several diffusion parameters were significantly elevated relative to controls. It should be noted though that the MD of tNAA was significantly increased in bulbar-onset patients while there was only a trend towards statistical significance in limb-onset patients compared to controls. Beyond that, the tNAA/tCho ratios were significantly decreased in both patients groups while the tNAA/tCr ratios were significantly reduced in limb-onset ALS patients only relative to controls. Finally, no significant differences in the diffusion parameters/metabolite ratios were found between both patient groups.Table 4Mean values and standard deviations of the diffusion parameters/metabolite ratios of limb-onset and bulbar-onset ALS patients at baseline and p-values of the post-hoc comparisons of the one-way ANOVA. Statistically significant values are designated by an asterisk.Table 4Mean Values of ALS PatientsStatistical ComparisonsParameterLimb OnsetBulbar OnsetLimb Onset vs. ControlsBulbar Onset vs. ControlsLimb vs. Bulbar OnsetMD (⋅10^−3^ mm^2^/s)tNAA0.182 ± 13.6%0.187 ± 14.1%0.0880.040\*0.861tCr0.198 ± 19.9%0.183 ± 14.8%0.019\*0.5110.435tCho0.173 ± 23.3%0.160 ± 18.0%0.007\*0.1810.666AD (⋅10^−3^ mm^2^/s)tNAA0.263 ± 21.7%0.257 ± 20.5%0.1520.3800.949tCr0.260 ± 23.5%0.237 ± 21.8%0.1010.8320.488tCho0.252 ± 30.1%0.224 ± 31.7%0.019\*0.4230.542RD (⋅10^−3^ mm^2^/s)tNAA0.148 ± 12.3%0.149 ± 10.5%0.6440.5950.986tCr0.164 ± 17.8%0.154 ± 17.4%0.029\*0.4040.612tCho0.127 ± 24.0%0.123 ± 19.5%0.044\*0.2170.920FAtNAA0.37 ± 35.8%0.35 ± 35.9%0.3780.6830.944tCr0.33 ± 26.3%0.31 ± 52.5%0.9730.9430.886tCho0.47 ± 33.3%0.37 ± 51.4%0.9670.3610.326RatiostNAA/tCr1.68 ± 8.7%1.74 ± 10.0%0.033\*0.0840.667tNAA/tCho7.19 ± 19.0%7.31 ± 16.9%0.007\*0.033\*0.974tCho/tCr0.23 ± 15.1%0.24 ± 15.5%0.2500.2150.969

4. Discussion {#s0065}
=============

This is the first study to assess cell-specific microstructural alterations in the brain of ALS patients with DTS. Relative to DTI, DTS features improved pathologic specificity since microstructural alterations are evaluated by probing the diffusion of compartment-specific metabolites rather than water molecules, which reside in all tissue compartments. Increased values in the diffusivities of tNAA, tCr, and tCho were found in the PMC in ALS patients relative to controls. These findings suggest that microstructural alterations in the neuronal and glial compartments of the brain of ALS patients may be evaluated in vivo and non-invasively with DTS. Further analysis revealed that changes in tissue structure were more pronounced in ALS patients with limb onset than with bulbar onset relative to controls. This observation may be related to the fact that the PRESS voxel was positioned in the part of the PMC where the motor functions of the limbs are represented.

The metabolite ratios in the present work are in line with recent literature values ([@bb0245]). Furthermore, in agreement with previous spectroscopic studies, significantly reduced tNAA/tCr ([@bb0030]; [@bb0065]; [@bb0185]; [@bb0190]; [@bb0250]) and tNAA/tCho ([@bb0030]; [@bb0190]; [@bb0250]) ratios have been observed in ALS patients compared to healthy controls. These findings have previously been interpreted as evidence of neuronal loss in ALS. However, reductions in tNAA may in part be a consequence of mitochondrial dysfunction in ALS ([@bb0020]). Moreover, in line with previous publications, significantly elevated tCho/tCr ratios ([@bb0030]; [@bb0190]) have been observed in ALS patients relative to healthy controls.

In keeping with neuronal loss and dysfunction, the present study revealed significantly increased values in the diffusivity of tNAA in ALS patients relative to controls. In patients with neuropsychiatric systemic lupus erythematosus symptoms (NPLSE) such changes have been attributed to neuronal damage ([@bb0090]). Alternatively, mitochondrial dysfunction, as observed in ALS, has been hypothesized to result in increased values in diffusivity of tNAA ([@bb0075]). In contrast to the present results, significantly reduced values in the diffusivity of tNAA have been found in normal-appearing white matter of patients with multiple sclerosis (MS) relative to healthy controls. The different behaviors in diffusivity of tNAA in ALS and MS patients may reflect different pathological mechanisms associated with these diseases (e.g. primarily axonal damage in MS versus primarily neuronal damage and secondary axonal degeneration in ALS ([@bb0095])).

In agreement with the present work, increased diffusivities of tCr and tCho have been observed in patients with NPLSE compared to healthy controls. These elevations were interpreted as reflecting both astrocytic and microglial reactivity in response to inflammation and/or ischaemia. According to the authors, reactivity-related cellular hypertrophy and thickening of the processes near the soma would thereby result in an increase of the intracellular space, and a simultaneous decrease in molecular crowding and intracellular tortuosity leading to increased diffusivity in the cytosol. A similar mechanism may occur in ALS patients since inflammatory processes and immune reactivity are assumed to play a role in the pathogenesis of ALS ([@bb0180]) and both reactive microglia ([@bb0120]; [@bb0230]) and astrocytes ([@bb0110]; [@bb0160]; [@bb0165]) have been found in the PMC surrounding degenerating neurons. Beyond that, the results of a recent study indicate a mechanistic link between tissue integrity and glial activation in patients with sporadic ALS ([@bb0005]). Decreased FA values of water were thereby co-localized with increased uptake of a glial marker. In contrast to the aforementioned study, the results of the present work establish a more direct link since structural changes in glial cells were explored by probing the diffusion of two predominantly glial metabolites instead of water, which is present in all tissue types.

In line with a previous study ([@bb0190]), longitudinal analysis revealed significant changes in the tNAA/tCho and tCho/tCr ratios over time. However, no alterations in the diffusion parameters were observed. The relatively short follow-up period in the present study is likely insufficient to capture the evolution of the diffusion parameters over the course of the disease and in addition faster progressing patients were lost to follow up. Since a wide range of survival times is observed in ALS ranging from a few months to several decades ([@bb0025]), it is difficult to determine the optimum follow-up period and larger patient cohorts are required to reliably evaluate longitudinal changes in the diffusion parameters.

The diffusion parameters in the present work are similar to those observed in another DTS study ([@bb0085]). With the exception of the FA values, the diffusion parameters showed good to moderate precision. The limited precision of the FA values may be the reason why no significant differences were observed in the group analysis. Precision of the parameter estimates may be increased by transition to higher field strengths not only due to the associated increase in SNR but also because of improved spectral separation, which allows for a more reliable estimation of the metabolite signals. Alternatively, higher field strengths would permit reducing partial volume effects by decreasing the size of the PRESS voxel.

No significant correlations of the parameters with disease severity, as assessed by the ALSFRS-R score, were detected. The lack of correlation may be due to the relatively low number of patients and the limited range of ALSFRS-R scores in the patient sample. Beyond that, functional scales are far more sensitive to lower motor neuron involvement and the associated muscle wasting rather than to upper motor neuron injury. Nevertheless, some studies have found significant correlations for instance of the ALSFRS-R scores with the tNAA/Cr ratios ([@bb0250]). There was a significant albeit weak correlation of the NHPT durations with the tNAA/tCr ratios. Likely due to the limited number of study participants, no significant correlations of the NHPT with the diffusion parameters was found.

Differences were observed for both limb-onset and bulbar-onset patients relative to controls but microstructural alterations were more pronounced in the PMC of limb-onset patients. This finding may be related to the fact that the PRESS voxel was positioned in the part of the PMC where the motor functions of the limbs are represented.

The main limitation of the present work is the relatively small patient population and the short follow-up period in this exploratory study. Furthermore, due to the relatively long scan duration microstructural alterations were only investigated in the PMC of ALS patients. Future studies which include larger patient cohorts and explore additional brain structures, are necessary to confirm the preliminary results of the present work and in particular to permit comprehensive evaluation of differences between onset types. The results of the present work indicate that acquisition of three diffusion directions and subsequent computation of the apparent diffusion coefficient may suffice for evaluation of cell-specific microstructural alterations. In this manner, scan time may be decreased and additional brain structures could be explored. Alternatively, if data were acquired at higher field strength fewer NSA would be necessary due to the intrinsically higher SNR. Furthermore, recent technical developments permit assessing the diffusion properties of brain metabolites beyond tNAA, tCr, and tCho ([@bb0135]), which may aid the evaluation of pathogenesis in ALS. In particular, myoinositol is of interest as a counterpart to tNAA since it represents the complementary major intracellular compartment in the central nervous system ([@bb0175]).

In conclusion, the results of the present study show for the first time that DTS permits measuring cell-type specific microstructural alterations in ALS patients in vivo and non-invasively by probing the diffusion of intracellular brain metabolites, which are reflective of the neuronal and glial compartments. Incorporated into a comprehensive scan protocol with other existing microstructural MR imaging methods such as DTI or susceptibility-weighted imaging, the technique may help unravel the pathogenic mechanisms that underlie neurodegeneration in ALS.
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[^1]: Median values are given.

[^2]: Given as: (48-ALSFRS-R)/(months of disease duration).
